The construction of metal centers in proteins by rational design  by Hellinga, Homme W
Review R1
The construction of metal centers in proteins by rational design
Homme W Hellinga
Metalloprotein properties result from the interplay
between coordination requirements of the metal center,
protein stability, and modulation of the metal center by
the surrounding protein matrix. Simple metal centers,
which exercise control over the protein by affecting
stability or enzyme activity, have been created by
rational design. Complex centers, which require control
by the protein matrix, have also been constructed.
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Introduction
One of the challenges in protein design is to create new
functions by introducing active sites into protein structural
frameworks. Metal centers provide a particularly interest-
ing target for this purpose because the biological chemistry
of metals is extremely rich [1–4]. The design of metallo-
proteins has therefore received an increasing amount of
attention over the past decade [5–10].
The most interesting aspect of metal centers in proteins is
the control of the reactivity of the metal center by the sur-
rounding matrix. An illustrative example is provided by the
behavior of heme in different environments. In the cyto-
chromes, the iron in heme acts as simple redox center. In
the globins, heme reversibly binds dioxygen. In cyto-
chrome P450, the dioxygen is activated and cleaved to
form water and an oxygen atom, which is inserted into a
substrate. Similar control of reactivity is also observed in
many other, non-heme metal centers, in which a single
center type can be involved in different classes of reactions
in different enzymes. In general, a given metal center has
the potential to carry out several different reactions. The
protein therefore modulates the reactivity of a metal center,
selecting one reaction as the only or predominant one. This
functional specificity is probably achieved by a combination
of stabilization of the desired activity and destabilization of
unwanted alternatives, and is the consequence of both the
properties of the primary coordination sphere (local interac-
tions), and modulation by the surrounding protein matrix
(non-local interactions). The contributions by the surround-
ing protein matrix are not well characterized and may
include electrostatic effects that tune redox potentials,
control of solvent accessibility, electron-transfer pathways,
precise stereochemical constraints as a result of hydrogen
bonding, and packing that increases metal selectivity.
The control of functional specificity and the involvement
of non-local effects makes the design approach particularly
appropriate for furthering the understanding of metal
centers in proteins. The study of a well-optimized natural
system by direct observation (such as crystallography) or
perturbation methods (such as mutagenesis) may not
uncover all the factors that contribute to the control of reac-
tivity of the metal center. In other words, completeness of
understanding is not assured, even though the degree of
necessity of a group of residues can be accurately assessed
and quantified in thermodynamic terms. When creating an
activity de novo, both necessity and completeness must be
satisfied by definition. Furthermore, a progressive design
strategy can be adopted in which the simplest possible
designs are tried first, followed by iterative additions of
more complicated interactions until the desired result is
achieved [11,12]. Metalloprotein design is well suited to
such an approach. The minimal first step is the design of
the primary coordination sphere. Additional features further
removed from the designed site can then be introduced in a
stepwise fashion to modulate its activity. At the time of
writing, the published metalloprotein designs have not
gone through such cycles. Most projects have had as their
aim to build metal sites to stabilize proteins [13–24], taken
advantage of simple metal-binding sites to control reactivity
[25–31], or detected the binding event to create metal
biosensors [32–36]. Recently, however, several different,
more complex, metal centers have been created including
CysxHisy zinc sites [37–39], heme [40–42], iron–sulfur
clusters [43–45], and a primitive metalloenzyme [46].
Design methods
The design of a metal center starts with the choice of a
protein framework into which a new site will be intro-
duced. Such a framework may itself be a designed poly-
peptide, such as the α4 four-helix bundle [23,24,39,40,43],
maquettes loosely based on the heme-binding B and D
helices of cytochrome bc1 [41,42,45], or the ‘minibody’
analogue of the immunoglobulin core domain [47,48].
There is no a priori reason, however, that use of a de novo
designed polypeptide is a necessary requirement in order
to study the control of reactivity of metal centers by ratio-
nal design. All that is required is that the protein frame is
functionally unbiased and has no adaptations to accom-
modate a metal center. Indeed, it could be argued that
because the rules for creating well-packed, unique proteins
are still not fully understood it might be more advantageous
to start with a well-folded, natural protein framework so that
it is possible to better separate the problems in creating
stable structure from the design of function [48,49]. A
number of natural protein frames such as human lysozyme
[15,18], subtilisin [13], neutral protease [14], trypsin [26–31],
glycogen phosphorylase [25], cytochrome c [50], somatotro-
pin [51], immunoglobulins [52–55], thioredoxin [44,46,56],
the B1 domain of protein G [38], scorpion toxins [57], reti-
nol-binding protein [20], and the membrane pore-forming
protein staphylococcal α-hemolysin [32] have been used
successfully as scaffolds.
Once a protein frame has been chosen, the next step is to
identify a group of residues that can be mutated to intro-
duce the primary coordination sphere. Additional muta-
tions may be required to resolve steric conflicts with the
surrounding protein matrix. Sometimes it is possible to
choose mutations by inspection. This is simplest when it is
possible to take advantage of structural homology relation-
ships and to swap metal-binding motifs between proteins
[13–15]. Well-defined local structural motifs, such as the
three-histidine tripod based on the active site of carbonic
anhydrase, can also often be transplanted by inspection
between β sheets [52]. Simple two-histidine geometries,
such as Hisi /Hisi+4 spacings on an α helix [58] or
Hisi /Hisi+2 on a β strand, or more irregular arrangements
based on close proximity can sometimes be identified
[25,30]. Automated computer-based searches provide a
more general, objective approach to identify locations
where sites can be engineered. The ‘Metal Search’ program
[59] identifies binding sites with tetrahedral geometry.
The Dezymer program [60] is more general and aims to
identify sites of any arbitrarily shaped coordination number
and geometry.
Coordination spheres based on histidine
The nitrogens of the histidine imidazole are good ligands
for the formation of complexes with transition metals. Even
approximate placement of histidines can often be sufficient
to achieve construction of a binding site. This has allowed
the design of histidine-based sites, which exploit simple
binding schemes to control the properties of a variety of
proteins. Two histidine sites placed on the surfaces of
cytochrome c [50], and bovine somatotropin [51] stabilize
these proteins in the presence of 10–4–10–6 M Cu(II) or
Zn(II). The requirement for relatively high metal concen-
trations can be overcome in these systems by using an addi-
tional, exogenous, exchange-inert, ruthenium-mediated
crosslink [19]. Increasing the coordination number of the
protein also provides significant improvements, as demon-
strated by the construction of a three-histidine site on the
surface of retinol-binding protein [20], which has a binding
constant of 36 nM and leads to a marked increase in stabil-
ity relative to the wild type. The introduction of histidine
sites on the surface of a designed four-helix bundle can be
used to decrease the general motility of the interior of these
systems, which otherwise show characteristics reminiscent
of the molten globule state [23,24].
Designed metal-binding sites can be exploited to control
enzyme activity. This was first demonstrated by adding an
additional histidine near the active site of trypsin to create
a bidentate metal complex, which also included the histi-
dine in the catalytic triad. This site is designed such that
when metal is added, histidine swings out of its normal
conformation to participate in metal binding, thereby
destroying the catalytic triad arrangement and inhibiting
the enzyme. Indeed, it was found that this mutant was
reversibly inhibited over several successive cycles of
Cu(II) and EDTA addition (Figure 1; [30,31]). The appar-
ent binding constant for Cu(II) at the engineered site was
21 µM. This could be substantially improved by introduc-
ing a loop derived from a structurally related region in the
kallikrein family of proteases, which allowed the construc-
tion of a tridentate site also involving the catalytic histi-
dine, thereby resulting in a 0.1 µM inhibition constant
[29]. It is also possible to modulate the protease substrate
specificity by designing a metal site whose primary coordi-
nation sphere is composed of residues contributed both by
the protein and the substrate. The protein component of
such a site was created by introducing two histidines in
the vicinity of the P2′ substrate recognition pocket. The
subtrate component is formed by placing a histidine in the
complementary S2′ position of the substrate peptide,
resulting in metal-dependent peptide binding and subse-
quent hydrolysis (Figure 1c; [27]). This idea was further
refined by creating an additional mutation in the P1′
pocket that restored some of the preference for arginine at
the S1′ position (the major specificity determinant in the
wild-type enzyme) as well as for tyrosine, thereby creating
an enzyme whose specificity is more restrictive than the
wild type [26,28].
A novel, metal-dependent allosteric effector site has been
engineered into glycogen phosphorylase [25] by an elegant
exploitation of the conformational differences associated
with the active and inactive states of the enzyme. A biden-
tate histidine site was created by making mutants in two
regions on the surface of the protein, which are in close
proximity to one another in the active state, but too far
apart to form a metal site in the inactive form. Addition of
metal to this protein increases enzyme activity by perturb-
ing the intrinsic equilibrium between the two states
towards the active state, in the manner of a classic allosteric
effector. The binding of the metal is itself sigmoidal (i.e.
cooperative), also as expected.
The detection of metals is an important biotechnological
issue [61]. It is not easy to design small molecules that
transduce a binding event into a readily measured physical
signal, such as a change in fluorescence; the calcium
sensor is one of the few good examples [62]. Design and
engineering of metal centers in proteins to couple binding
to a reporter group is a powerful and versatile approach
towards the development of new sensor technologies. A
three-histidine site constructed in the heavy chain of an
antibody displayed high selectivity for zinc and happened
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to transduce the binding event by changing the fluores-
cence of a nearby tryptophan, thereby creating a zinc
biosensor [34]. Existing metal-binding sites can be engi-
neered to incorporate a signal transduction moiety. The
three-histidine active site of carbonic anhydrase can be
made into a zinc biosensor by introducing a fluorescent
signal-transduction system by chemical modification [63].
Signal transduction of the metal-binding event has been
extended to electrochemical detection by the construction
of a four-histidine site into staphylococcal α-hemolysin
[32], one of the few transmembrane proteins whose struc-
ture has been solved to high resolution. Single-channel
recordings of membranes containing these mutant channels
showed metal concentration-dependent blocking of the
transmembrane current. Interestingly, different metals gave
different patterns of channel opening and closing kinetics.
Calcium centers
One of the roles of calcium sites is to act as a stabilizing
crosslink [64]. Completely de novo design of calcium
centers is difficult because they are relatively diverse in
coordination number and ligand requirement — involving
up to seven or eight ligands, which may include several
solvent molecules — thereby making it difficult to locate
potential sites in a protein framework without altering the
backbone structure. Several experiments have been carried
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Figure 1
Stereo views to illustrate the control of trypsin
activity using rationally designed metal-binding
sites. (a) Wild-type trypsin (PDB code: 1ane);
the regions that have been manipulated are
indicated. (b) Arg96→His mutant complexed
with Cu(II) (PDB code: 1and). In the presence
of copper, His57 swings out of its normal
position (gray filled circle) to form a binding
site, which includes the engineered histidine
at position 96, thereby disrupting the catalytic
triad and reversibly inhibiting enzyme activity.
(c) Complex of the Asn143→His, Glu151→
His trypsin double mutant with an Ala86→His
mutant of the inhibitor ecotin in the presence
of copper (PDB code: 1slv). This trypsin
mutant selectively hydrolyzes peptides that
can form the designed metal site. The view
point is approximately the same in all three
pictures. The stereo diagrams were generated
with the Dezymer program [60] using


















































out, however, in which structurally homologous, calcium-
binding regions were identified in one protein and engi-
neered into another, non-calcium protein. In this way, the
Ca2+-binding site was engineered into human lysozyme,
based on an α-lactalbumin site [15–17]. This increased the
thermostability of the lysozyme by ~10°C, which could be
improved further with additional mutations that increased
the similarity between the two proteins in this region [18].
The Ca2+-binding loop of thermolysin was grafted into the
Bacillus subtilis neutral protease, resulting in a slightly
improved thermostability [14,18]. Similarly, a Ca2+ loop
from thermitase was introduced into subtilisin BPN′ [13],
resulting in increased resistance to thermal denaturation
and autoproteolysis.
His2Cys2 and His3Cys centers
Tetrahedral His2Cys2 and His3Cys form some of the
common motifs for structural zinc sites [65,66]. The Metal
Search algorithm [59] has successfully predicted the con-
struction of these sites in two different proteins. A
His2Cys2 site was designed into the α4 four-helix bundle
protein system and shown to have the predicted coordina-
tion geometry based on the electronic absorption spectrum
of the Co(II) complex [67]. This His2Cys2 site binds zinc
with a Kd of 25 nM [37,39]. Chemical denaturation studies
showed that the apoprotein is folded, but is stabilized by
the addition of zinc. Interestingly, the zinc protein is not
more stable than the original α4 four-helix bundle [68].
A His3Cys site was introduced into the B1 domain of pro-
tein G, a 56-residue protein consisting of a four-stranded
β sheet stabilized by a single α helix [38]. In addition to the
primary coordination sphere, the role of a nearby residue,
which has the potential to form a bad steric contact, was
investigated. Three proteins were constructed: one in
which there was just the designed coordination sphere,
and two others in which the residues forming the steric
clash were also mutated (Figure 2). All three designed pro-
teins gave tetrahedral zinc sites with nanomolar dissocia-
tion constants comparable to those of natural zinc-finger
peptides [65]. Two of the three apoproteins are not prop-
erly folded in the absence of zinc (as is frequently the case
in zinc-finger domains), indicating that resolution of the
steric clash is important for folding of the apoprotein. In all
cases, the zinc or cadmium complex stabilized the protein.
Again, even the best metalloprotein is significantly less
stable than the unmutated, starting protein. This suggests
that it is necessary to further optimize the secondary coor-
dination sphere of the designed site into order to better
accommodate the primary coordination sphere.
Natural His2Cys2 centers can be used as the starting point
for the engineering of fluorescent zinc sensors. The zinc-
finger folding motif was modified to introduce non-natural
amino acids that provides fluorescent signal transduction
of zinc binding by following the metal-induced folding
transition using either a fluorophore, which is sensitive to
its microenvironment (Figure 3; [35,36]), or fluorescence
resonance energy transfer between a donor and acceptor
pair [33].
Heme systems
As mentioned above, heme is an important and versatile
metal cofactor, and is therefore an important target for
design studies. The approach taken so far has been to
develop relatively simply designed, all α-helical peptide
systems as maquettes into which to build heme-based
systems. One such maquette is based on the α2 peptide,
which forms a helical pair. Two of these peptides can asso-
ciate to form a complete four-helix bundle. The original α2
design was modified [40] to introduce a histidine near the
center of the face of the helix pair, on the surface that
forms part of the hydrophobic core when the four-helix
bundle is fully assembled. In addition, a shallow cavity was
created around the histidine to accommodate the heme;
the intent being to sequester a single heme in the interior
of the fully assembled four-helix bundle. The design suc-
cessfully resulted in the creation of a four-helix bundle
containing a single heme, as intended. Several aspects of
the experiments, however, show that precise control of the
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Figure 2
A stereo view of a designed His3Cys
zinc-binding site in the interior of the
B1 domain of protein G (PDB code: 1pga).
The primary coordination sphere is formed by
a cysteine at position 33 and histidines at
positions 16, 18 and 30 (note the tetrahedral
arrangement of the coordinating atoms). The
other residues in the protein are drawn to
show how the site is buried. Note that Leu5
makes bad contacts (dots) with His16 and
was mutated to alanine or methionine. The
methionine mutant was the most stable either
as the apoprotein or zinc protein and had the









heme coordination chemistry is not straightforward and
will require the iterative exploration of additional features.
For instance, heme binding per se is apparently not diffi-
cult to achieve because the original α2 sequence will bind
heme in a 1:1 stoichiometry, presumably because a disor-
dered interior will bind hydrophobic ligands such as heme.
Nonetheless, the creation of a shallow groove was neces-
sary in order to get the intended histidine ligation, indicat-
ing a significant requirement for specific steric features in
order to control heme ligation. The heme in the designed
peptide show a mixed population of low-spin and high-
spin iron centers, however, indicating that not all molec-
ules adopted the designed two-histidine ligation. Curiously,
a variant of the designed peptide in which the amino acid
sequence was reversed in directionality did exhibit all
low-spin heme.
Another maquette loosely based on the sequence of the B
and D helices of cytochrome bc1 has also been constructed
[41]. As before, the basic building block is a single peptide
that folds into an α-helical pair, which is intended to dimer-
ize to form a four-helix bundle. In this design, however,
each helical pair contains two pairs of histidine residues,
and is intended to bind two hemes. Thus, the complete
four-helix assembly is designed to contain four hemes. The
peptides were able to assemble into a four-helix bundle in
the absence of heme. Addition of heme resulted in the for-
mation of the expected four-heme complex, without affect-
ing the aggregation state. Furthermore, variants in which
one or the other histidine pairs had been omitted (replaced
by alanines) showed that heme binding was specific and
dependent on the presence of the histidines. This rela-
tively simple peptide system can therefore be used as a
maquette and provides a starting point for iterative design
cycles to systematically modulate the properties of the
heme to study phenomena such as electron transfer, and to
build more complex systems [42]. Careful studies have
been undertaken to elucidate in detail the topology,
dynamics and stability of the maquette peptide framework
[69]. These reveal that although many aspects of the design
are correct, the assembled structure of the system is in a
delicate thermodynamic balance that is easily perturbed by
the addition of other cofactors or experimental probes. This
information is being used in iterative improvement cycles
of the maquette framework [49]. The hemes show negative
cooperativity during assembly and complex redox titration
behavior, both of which can be explained in terms of elec-
trostatic interactions between the four closely spaced
groups and are not the consequence of subtle differences in
the structure of the surrounding maquette framework [70].
Iron–sulfur clusters
Iron–sulfur clusters participate in a large number of biolog-
ical redox reactions [71]. One of the most common forms
of cluster is the cubane [Fe4S4] cluster. The redox proper-
ties of this cluster are strongly dependent on the protein
environment [72]. The inorganic cluster can accommodate
an overall charge of [Fe4S4]3+/2+/1+, but in a given protein
matrix only one of the two redox couples is accessible. The
cluster-containing proteins are therefore grouped into two
classes: the ferredoxins, which use the [Fe4S4]2+/1+ couple
(E0 = + 80 mV to –700 mV), and the high-potential iron–
sulfur proteins (HiPIPs), which use the [Fe4S4]3+/2+ couple
(E0 = + 100 mV to + 450 mV). The factors in the surround-
ing protein matrix that determine the redox behavior of a
cluster are just beginning to be elucidated and may
involve hydrogen bonds to the inorganic sulfurs, electro-
static field gradients, and solvent (in)accessibility [72].
The iron–sulfur centers are therefore excellent candidates
for testing the rational design approach by modulating
their activities through non-local interactions.
Many clusters are bound by a consensus sequence Cys–
X2–Cys–X2–Cys with the fourth cysteine bound at a more
remote location. A 16-residue peptide derived from a con-
sensus sequence of natural ferrodoxins was shown to
incorporate a low-potential [Fe4S4]2+/1+ cluster of the ferre-
doxin class [45]. It was shown that at least three of the four
cysteines are needed to obtain cluster formation. This
sequence could be spliced into the multi-heme maquette
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Figure 3
A stereo view to illustrate the use of the
zinc-finger fold (PDB code: 1zaa) to construct
a metal chemosensor. The zinc-finger domain
is folded only in the presence of coordinating
metal. The folding transition can therefore be
used to monitor metal binding using a












[41] to create a molecule that contains both heme and an
iron–sulfur cluster.
The Fx cluster found in Photosystem I is not bound by a
ferredoxin consensus sequence, and appears to be located
in a heterodimer interface. Although a high-resolution
structure is not available for this protein, it is thought that
the cluster is formed by cysteines located in two identical
interhelical loops in a transmembrane four-helix bundle.
This sequence was spliced into the α4 four-helix frame-
work [68], and the resulting protein was shown to contain
a low-potential [Fe4S4]2+/1+ cluster [43]. Interestingly, the
redox potential of the designed cluster protein is higher
than that of the original Fx cluster, demonstrating that the
detailed protein environment is of great importance.
The Dezymer program [60] was used to locate positions to
construct [Fe4S4] clusters in the hydrophobic core of
Escherichia coli thioredoxin [44], a protein normally devoid
of transition-metal centers. The resulting protein was
shown to bind a high-potential [Fe4S4]2+/3+ cluster. The
designed cluster was buried ~8 Å from the surface, sur-
rounded by a hydrophobic shell. Neither its secondary
structure environment nor the spacing of its cysteines bear
any resemblance to known iron–sulfur cluster proteins. It
is therefore not necessary to rely on structure or sequence
homology to construct iron–sulfur clusters. Its redox prop-
erties are consistent with being buried in a hydrophobic
environment without formation of hydrogen bonds. It will
be interesting to see what the interplay between protein
stability (not yet measured) and the behavior of the redox
center is, and whether subsequent iterative design cycles
will be able to systematically alter the redox potential of
the center, as the geometry of the design is such that
neighboring hydrophobic sidechains can be mutated to
introduce hydrogen bonding or charged residues.
Metalloenzymes
Creation of an enzyme active site requires the construc-
tion of an unsaturated coordination sphere, or one that
has a labile ligand such as water occupying one of the
positions to exchange freely with the true substrate. One
way to approach this problem is to start with a fully satu-
rated coordination sphere and to remove one of the
sidechain ligands. This has been tried for the Cys2His2
zinc sites in a consensus zinc-finger motif [37] and for the
α4 four-helix bundle zinc-binding site [73]. In both cases,
an open coordination sphere was created in which water
apparently occupied the labile position. The intent was to
create an activated molecule capable of catalyzing ester or
even amide hydrolysis. Neither design yielded a catalyti-
cally active protein, however, which was thought to be a
consequence of the reduced electrophilicity of the Zn(II)
as a result of the presence of thiolate ligands, thereby
insufficiently lowering the pKa of the metal-bound water.
Another approach is to start out by deliberately designing
an open coordination sphere. The Dezymer program was
used to search for locations to introduce a His3Asp/Fe/O2
site in thioredoxin [46]. This site models a coordination
sphere for iron consisting of a trigonal bipyramid with an
axial histidine and an exogenous ligand-binding site and is
intended to confer superoxide dismutase (SOD) activity.
One of the solutions predicted by the program involved the
hydrophobic core of the protein in such a way that the open
coordination site was pointing towards the protein surface at
the bottom of a surface crevice. In addition to the mutations
required to introduce the primary coordination sphere, two
adjacent residues had to be mutated to remove steric con-
flicts (Figure 4). The resulting protein bound iron tightly
and had an open coordination sphere capable of binding
exogenous ligands such as azide and fluoride. The iron
complex showed SOD activity of the order of 105 M–1 s–1 in
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Figure 4
A stereo view showing the design of a SOD
site into the E. coli thioredoxin protein frame.
The primary coordination sphere is composed
of a trigonal plane formed by Leu7→His,
Phe27→Asp and Asn63→His, with one axial
ligand formed by Ile60→His; the other axial
position is open with a superoxide ion placed
in the labile position. The arrow indicates the
approximate course of a narrow channel that
connects the superoxide to the solvent.
Several mutations were introduced in addition
to the primary coordination sphere. Leu58→
Ala removes an unfavorable interaction with
His7. Thr66→Ala helps open a channel for
the superoxide. Cys32→Ser and Cys35→Ser
remove the native disulfide bridge, preventing
complications due to interactions of the iron
with thiols. His6→Asn removes a potential
competing ligand near the designed site.
Asp26→Ala is known to significantly stabilize
the overall fold. The structure shown here is a
model derived from the high-resolution structure

























the presence of EDTA. This is considerably less active
than the natural enzymes (~104-fold reduction). Natural
SODs are highly optimized enzymes and operate at the
diffusion limit. This is thought in part to be the conse-
quence of electrostatic fields set up by the protein matrix,
which tune the redox potential of the metal center and
create an ‘electrostatic funnel’ steering the negatively
charged superoxide to the active site [74]. This engineered
thioredoxin therefore provides an excellent starting point
for the de novo design of such features.
Outlook
The properties of a metal center result from the balance
between the coordination requirements of the metal and
the modulation of the properties of the metal center by the
surrounding protein matrix. In a design experiment, the
balance between the metal center and the surrounding
protein matrix is in large part determined by the properties
of the protein fold. In the earlier designs, the coordination
properties of the metal dominate and this has been
exploited to control the properties of the protein frame.
Already these indicate that in addition to providing fresh
insights into the understanding of the basic properties of
protein structure and function, this approach will lead to
the development of technologically novel and important
new materials such as biosensors. Recently, more complex
centers have been constructed, such as the hemes, the
iron–sulfur cluster and the SOD sites. The results that
have been reported so far represent the entry points into
the iterative design cycle: they establish that such centers
can be built rationally. It will be interesting to see whether
the factors that will be introduced in subsequent design
iterations to modulate the activity of these centers will give
insights into general mechanisms of structure and function.
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